Spin-spin correlation function response in the low electronic density regime and externally applied electric field is evaluated for 2D metallic crystals under Rashba-type coupling, fixed number of particles and two-fold energy band structure. Intrinsic Zeeman-like effect on electron spin polarization, density of states, Fermi surface topology and transverse magnetic susceptibility are analyzed in the zero temperature limit. A possible magnetic state for Dirac electrons depending on the zero field band gap magnitude under this conditions is found.
Introduction
Subtle relativistic effects on reduced dimensional electronic systems have brought exciting perspectives on fundamental physics and technological advances since the Rashba's breakthrough [1, 2, 3, 4] . Spin Orbit Interaction dwells in the always evolving spintronics world, providing interesting applications based on its subsequent, wide and sophisticated phenomena. For instance, magnetic switching control via induced current on metal/ferromagnet/oxide trilayers at room temperature [5] , tunable spin-orbit strength via stoichiometry manipulation on deposited concentration of Bi atoms on Bi x Pb 1−x /Ag alloys [6] , quantized Hall conductance on doped Bi 2 Te 3 layered arrays without external magnetic field [7] , characteristic Knight shift behavior in non-centrosymmetric superconducting CrIrSe 3 crystals below critical temperature [8] , or Rashba interaction control for out-of-plane Zeeman spin polarization on transition metals such as WSe 2 , MoS 2 via biased voltage [9] , constitute few examples that demonstrate the currently hectic activity in this area. In this paper, we discuss the zeroth order transverse spin-spin susceptibility response for 2D Dirac interacting electrons in the low density regime and zero temperature, under an externally applied electric field on the plane. We derive general expressions at finite temperature for the correlations functions on arbitrary Dirac spin directions, as well as the features of the density of states (DOS) in the limit of the Fermi energy instability and fixed number of particles.
Spin-Spin Correlation Function Formalism
The Hamiltonian formulation for 2D magnetically polarized surfaces or interfaces in a non-interacting electron system under an externally applied electric field E Email address: hvivasc@unal.edu.co () might be approached by taking the lowest-order coupling between the electron momentum in the XY plane k = (k x , k y , 0), its spinˆ σ and E:
corresponds to the single freeparticle kinetic energy operator [10, 11, 12, 13] . For an arbitrary field orientation,
where the last term is recognized as the typical Rashba-type interaction. By introducing the appropriate constants, the upper-lower (±) double band structure for Dirac electrons might be taken asĤ
Defining the effective magnetic field γB Σ = (−αk y , αk x , −∆ k ), the complete electron Hamiltonian takes the form:
with the spin basisŜ ≡ (σ Z ⊗σ X , I ⊗σ Y , I ⊗σ Z ) and I, σ j as the 2 × 2 identity and Pauli matrices respectively. OperatorsŜ j satisfy the necessary anticommutation rules
(1) has a Dirac-type form, and its genesis can be explained, among several approaches, from fairly simple geometric-based arguments for materials with inversion symmetry [14, 15, 16] . Specifically, the 2D Dirac equa-
Hamiltonian straightforwardly under the set of transfor-
, where ∆ 0 corresponds to the energy band gap magnitude at zero field. The parameter α denotes the typical Rashba spin-orbit interaction constant, although contributions due to crystal asymmetries might be taken into account via Dresselhaus Hamiltonian [17] . Upon this representation, the Dirac ma-
In a matrix-block scheme:
where A kσ ≡ A k± is giving by:
and tan φ k = k y /k x . Eigenvalues ofĤ σ k provides the twofold energy spectrum:
where σ ≡ ±1 labels the band index. The finite temperature Green's propagator associated toĤ σ k is calculated from its orthonormalized eigenvectors
with ω n as the (Fermionic) Matsubara frequencies, µ is the chemical potential and the matrix elements
The average value for the spin operatorŜ (per unit of surface S) is calculated from the prescription:
where Tr corresponds to the trace operator. Direct calculation for the Z-compound leads into:
with
Energy gap structure is affected by Ŝ Z under the minimum spin-effective interaction termĤ I = −J Ŝ Z Ŝ Z or in equivalent form, by the transformation
Integration of Eq. (8) at zero temperature limit, zero applied field, non interacting spins (J = 0) and low density regime provides the exact result:
The existence of this particular state of magnetic polarization is biased by the value of the Fermi energy for the rangeμ
For gapless systems in the regime J 0 the average spin orientation on Z direction is still feasible forμ ≤ (ζ 2 − 1)/2, ζ = π/2Jk 2 0 S:
withJ = J /2E 0 . Two mechanisms for possible magnetization in out-of-plane direction at zero temperature and without external field are unveiled: both are intrinsically induced by the presence of the component of an effective Zeeman field due either to the band gap B ΣZ ∼ −∆ 0 /γ for J = 0, or the non spin-spin interaction and
The model also suggests that, for the last case, there is a resulting magnetization in the rangeμ < 0 generated by the coupling parameter J only if the size of the sample follows the restriction S ≥ πh 2 /2m ⋆ J. The carrier density is calculated from N /S = (hβ) −1 n,k Tr{G 0 (k, iω n )} and in the low density regime (μ < 0) the number of particles is obtained by integrating N /S upon appropriate limitsk F ± = (2(1 +μ
Bare susceptibility χ 0 can also be written in terms of the spin-spin correlation function D 0 by setting χ 0
, and
with the reduced notation k ≡ (k, iω n ), and q ≡ (q, iν m ) [19] . Wavevector q might be interpreted as the exchanging momentum for (Dirac) spin-spin collective excitations. Similar developments have been performed for describing the plasmon dispersion relationships on helical liquid state in Bi 2 Se 3 [20] and intrinsic graphene layers [21] . Equation (11) may be expressed in terms of the generalized products:
where
In the static case, ν m → 0, with q → 0, the term D 0 ij (0) takes the form: with B ij k , C ij k and X kσ defined in [22] . Bare susceptibility can be calculated from (14) with the particular choiceŜ i = S j ≡1 in Eq. (11), or under the conditions
0 β/S k,σ sech 2 (βX kσ /2), whose zero temperature limit converges to the well known result χ 0 = 4µ 2 0 /S k,σ δ(ε 0 kσ − µ).
Results and Discussion
Figure (1) represents the Fermi surface transformation under an applied fieldĒ x , low density regime and conserved number of particles N − , calculated from Eq. (4). E y is taken as zero throughout all numerical calculations. Fermi surface topology at zero field corresponds to an annulus with radii k F σ [23] . Applied field shifts the Fermi surface towards k y axis and it might eventually create a spin current on the same direction [24] . Allowed states for non applied field lie into a circular Fermi disk with approximated radius 2k 0 . Compactness in the Fermi disk breaks into unconnected and asymmetric lobes atĒ x = 1.15, phenomenon which is directly reflected in a strong peak on the DOS distribution (Figure 4) . Self consistent solutions of Eq. (7) are shown in Fig. (2) -(Left). The normalized average spin polarization decreases withĒ x and depends on the strength of J. Variations of Ŝ Z are more sensitive for small intensities ofĒ x , and it tends to reach a weaker saturation state for greater intensities. Strong Zeeman coupling favors the effective spin alignment in the calculated range since Ŝ Z (J = 1) < Ŝ Z (J = 0) < 0. Fermi energy increases monotonically and is highly sensitive to the electric field intensity, although its rate of growing is lesser as the parameter J gets stronger (Fig. 2)-(Right) . 
Concluding Remarks
The classical two bands Rashba-type Hamiltonian resembles the Dirac electron equation and it may recast a Zeeman-like behavior for expanded spin basis and externally applied electric field. By using standard finite temperature formalism, we have computed the average spin polarization perpendicular to the confinement layer, the DOS and the generic spin-spin correlation functions in the long wavelength approach. The valueĒ x ≈ 1.15 yields in the order of α/eℓ 2 , (e−electron charge) providing an estimation for the lateral gate voltage in terms of the length scale ℓ. The bare polarization propagator χ 0 recalls strong DOS fluctuations for an applied electric field, indicating a close relationship between its geometric distribution over the Fermi surface and the outbreak limit for conserved number of carriers. This model suggests the formation of a magnetic state via Zeeman-Rashba-type field B ΣZ at zero temperature and zero electric field due to presence of the energy band gap, or even for gapless configurations, where exchange spin spin-average interaction is taken into account. Temperature effects, different average spin directions associated to B Σ , as well as the nature of the spinspin interaction have to be reconsidered beyond the purely on-site and collinear coupling, possibly a RKKY-type interaction [25] , issues that shall be addressed on further investigations. 
